Abstract: Due to variations among the cells, large lithium ion batteries (LIB) such as those in battery energy storage stations (BESS) and electric vehicles (EVs) must have an equalizer (EQU) circuit to balance the cell voltages. In spite of their significant losses and other limitations, passive equalizers (PEQ) are used in most applications because they are relatively simple and low cost. Active equalizers (AEQ) reduce these PEQ problems, but are not as widely used due to their much higher cost and complexity. A new hybrid circuit called the Bilevel EQU (BEQ) combines the PEQ and AEQ to provide much higher performance than a pure PEQ but at a much lower cost than a pure AEQ.
Introduction
Large lithium ion batteries (LIB) are now used in a wide variety of applications including electric vehicles, aerospace, and battery energy storage stations (BESS) for electric utilities. For safety and maximum performance, all of these large packs of series connected cells require a battery management system (BMS) that must provide several functions [1] . The most basic of these is to measure the voltage of each cell and to provide an equalizer (EQU) to balance the cell voltages.
There are two basic types of EQUs: Passive (PEQ) as in Figure 1 , where resistors are connected in parallel with the cells until all are discharged to the lowest cell voltage in the pack and active (AEQ) where charge is transferred between the cells.
There are two basic types of EQUs: Passive (PEQ) as in Figure 1 , where resistors are connected in parallel with the cells until all are discharged to the lowest cell voltage in the pack and active (AEQ) where charge is transferred between the cells. PEQs have another serious limitation since they cannot add charge to lower capacity cells, which is necessary to maximize the discharge capacity of the battery. This is quite important, especially as the pack ages and cell capacities begin to decrease, usually in a non-uniform manner. Since a PEQ www.mdpi.com/journal/batteries Figure 1 shows a PEQ for a three cell pack. It is simple and relatively cheap, but it can dissipate a significant amount of heat and energy loss.
PEQs have another serious limitation since they cannot add charge to lower capacity cells, which is necessary to maximize the discharge capacity of the battery. This is quite important, especially as the pack ages and cell capacities begin to decrease, usually in a non-uniform manner. Since a PEQ cannot boost weaker cells, the resulting discharge capacity is only equal to the weakest cell in the pack. In practice, the probability of one particularly weak cell may be small for small packs of four to six series cells, but it becomes much greater for large packs such as those with 100-200 cells.
By balancing the cell voltages, the PEQ also balances the state of charge (SoC) of the cells, but it does not equalize the charge in the cells or the capacity of the cells. As a battery ages and its capacity decreases, it may be difficult to determine if this is primarily due to one or two weak cells or if all cells have degraded in a uniform manner since the PEQ will mask the weak cell(s) by holding all cell voltages at the same value. Thus it may appear that the cells have uniform capacities when in fact they do not, and that a PEQ is perfectly adequate when it really isn't.
A wide variety of AEQs have been developed to reduce these PEQ problems, but PEQs still dominate most markets due to their simplicity and much lower cost. This cost difference is even greater when higher equalization currents are needed since this requires higher power AEQ components.
For new cells with fairly uniform capacities, minor imbalances are caused by temperature variations and self-discharge current, and balancing can be achieved with low current EQUs. This reduces cost, but as the cells age much larger capacity variations are likely to develop, and larger EQUs are required to achieve balance and maximize battery capacity. The merits of PEQs vs. AEQs obviously apply in both cases, but this research is focused on larger EQUs that are needed to compensate for capacity variations.
One of the simplest of these AEQ circuits is shown in Figure 2 [10] , where B1-B3 may be individual cells or sections of series connected cells. Components Q1, Q2, and L1 constitute one AEQ unit, so this circuit has two units. To reduce the size of the inductors, the FETs typically switch in the range of several kHz. cannot boost weaker cells, the resulting discharge capacity is only equal to the weakest cell in the pack. In practice, the probability of one particularly weak cell may be small for small packs of four to six series cells, but it becomes much greater for large packs such as those with 100-200 cells. By balancing the cell voltages, the PEQ also balances the state of charge (SoC) of the cells, but it does not equalize the charge in the cells or the capacity of the cells. As a battery ages and its capacity decreases, it may be difficult to determine if this is primarily due to one or two weak cells or if all cells have degraded in a uniform manner since the PEQ will mask the weak cell(s) by holding all cell voltages at the same value. Thus it may appear that the cells have uniform capacities when in fact they do not, and that a PEQ is perfectly adequate when it really isn't.
One of the simplest of these AEQ circuits is shown in Figure 2 [10] , where B1-B3 may be individual cells or sections of series connected cells. Components Q1, Q2, and L1 constitute one AEQ unit, so this circuit has two units. To reduce the size of the inductors, the FETs typically switch in the range of several kHz. If Q1 in Figure 2a is turned on, i1 flows from B1 into the inductor, L1, and reaches the peak, Ip, in Figure 2b . On the second half cycle Q1 turns off, and i1 flows through the body diode of Q2 and into B2. Alternately, if Q2 is the only active FET, charge is transferred from B2 to B1. Note that the interval t2−t1 is less than t1, and thus the average current from B1 is less than that into B2. This is because of conduction losses, core loss in L1 and switching losses in Q1 and Q2. This is related to the i1 peak/average ratio >2 which is higher than that for typical DC-DC converters.
A series of tests also were performed to show how the power transfer efficiency of this AEQ varies if each cell is replaced by sections of cells in series containing from 1-12 cells per section: 1 cell = 43%, 4 cells = 76%, 6 cells = 80%, and 12 cells = 87%. The efficiency increases with the number of cells because the losses become a lower percentage as the output power increases, and these results also indicate this AEQ actually is not a very good choice for single cells. Synchronous rectification If Q1 in Figure 2a is turned on, i1 flows from B1 into the inductor, L1, and reaches the peak, Ip, in Figure 2b . On the second half cycle Q1 turns off, and i1 flows through the body diode of Q2 and into B2. Alternately, if Q2 is the only active FET, charge is transferred from B2 to B1. Note that the interval t2−t1 is less than t1, and thus the average current from B1 is less than that into B2. This is because of conduction losses, core loss in L1 and switching losses in Q1 and Q2. This is related to the i1 peak/average ratio >2 which is higher than that for typical DC-DC converters.
A series of tests also were performed to show how the power transfer efficiency of this AEQ varies if each cell is replaced by sections of cells in series containing from 1-12 cells per section: 1 cell = 43%, 4 cells = 76%, 6 cells = 80%, and 12 cells = 87%. The efficiency increases with the number of cells because the losses become a lower percentage as the output power increases, and these results also indicate this AEQ actually is not a very good choice for single cells. Synchronous rectification also can be used to reduce the conduction loss of the FET body diodes, but tests indicated this provides only a minor improvement. For larger numbers of cells, these results are comparable to [29] which indicates an efficiency range of about 80-87.9%.
If two target cells are not adjacent, the charge is transferred via the cells between the two target cells. For example, if Q2 and Q4 are the only active FETs, charge is transferred from B3 via B2 to B1. This balancing strategy can be based on the two target cells with the greatest voltage difference, or adjacent cell balancing also can be used. In summary, the designer presently has a stark choice between a low cost, low performance PEQ or a high cost, higher performance AEQ. Neither is really satisfactory for applications that need to be cost effective over a long lifetime, thus the motivation for the hybrid BEQ which is described below.
BEQ Analysis
To avoid the problems with PEQs and AEQs, a new PEQ/AEQ hybrid called the Bilevel EQU (BEQ) [30] has been developed to provide much higher performance than a PEQ but at a much lower cost than an AEQ. This circuit is called the Bilevel because it provides equalization at two different voltage levels. An example block diagram where the cells are divided into five sections is shown in Figure 3 . This balancing strategy can be based on the two target cells with the greatest voltage difference, or adjacent cell balancing also can be used. In summary, the designer presently has a stark choice between a low cost, low performance PEQ or a high cost, higher performance AEQ. Neither is really satisfactory for applications that need to be cost effective over a long lifetime, thus the motivation for the hybrid BEQ which is described below.
To avoid the problems with PEQs and AEQs, a new PEQ/AEQ hybrid called the Bilevel EQU (BEQ) [30] has been developed to provide much higher performance than a PEQ but at a much lower cost than an AEQ. This circuit is called the Bilevel because it provides equalization at two different voltage levels. An example block diagram where the cells are divided into five sections is shown in Figure 3 . There can be any number of cells per section, but a range of four to eight allows the use of 60-100 V FETs. However, a higher number such as 12 or 14 also can be used with higher voltage switches. Each section has its own PEQ that balances only the cells within that section, i.e., PEQ1-PEQ5 equalize the cells within each section, and AEQ1-AEQ4 equalize the sections. Converting a PEQ to a There can be any number of cells per section, but a range of four to eight allows the use of 60-100 V FETs. However, a higher number such as 12 or 14 also can be used with higher voltage switches. Each section has its own PEQ that balances only the cells within that section, i.e., PEQ1-PEQ5 equalize the cells within each section, and AEQ1-AEQ4 equalize the sections. Converting a PEQ to a BEQ is relatively simple since it basically adds an AEQ from Figure 2 to the conventional PEQ in Figure 1 .
The BEQ can be designed from scratch, or an existing PEQ system can be converted to a BEQ by adding AEQ units. The additional AEQ would be controlled using the same cell voltage measurements as those for the original PEQ, and the PEQ software would be revised to equalize the cells within each section instead of the entire stack.
As a cell ages, its charge capacity (amp hours, Ah) decreases and its series resistance increases. Experience also shows that not all cells age at the same rate, so eventually capacity variations develop. With a pure PEQ, the discharge capacity of the pack is determined by the weakest cell, and this also determines the usable lifetime of the pack. Many applications now strive for lifetimes of at least 10 years and some even longer.
For example, for a 96 cell battery with a single weak cell, a PEQ will need to drag down the other 95 until they all reach the weak cell voltage. If a BEQ with 24 sections and four cells/section were used, it would only drag down the other three cells in the weak cell section. Simultaneously, charge would be transferred to the weak section from the other 23 until all the cell voltages were equal.
AEQs such as [27, 28] transfer charge between each cell and a section of cells within the pack either by using a bi-directional DC-DC converter for each cell or a single bi-directional converter coupled to a matrix of switches connected to the cells. This is much more expensive than a simple PEQ for each cell, and thus PEQs presently dominate the market. The BEQ also costs more than a PEQ, but it is much cheaper than a traditional AEQ because it uses a reduced number of AEQ units that service cell sections instead of individual cells. For example, a BEQ for a 192 cell battery with 16 sections of 12 cells each would only contain 15 AEQ units (number of sections-1) instead of 192 units for a pure AEQ such as [27] . Although the AEQs in the BEQ operate at a higher voltage, the AEQ currents would be the same, and the dramatic reduction in the parts count and absence of transformers indicate a much lower cost.
As the number of cells increases for a PEQ system, the stack becomes subject to the "tyranny of large numbers", meaning the probability of a weak cell spoiling the pack can increase dramatically. Consider the same 96 cell example with only a PEQ, where after a very large number of cycles there might be a 2% probability that any given cell will have a significant decrease in discharge capacity. Of course this also means the probability that the cell is still good is 98%. Therefore the probability that all cells will still be good is (0.98) 96 × 100% = 14.4%, which means an 85.6% probability that there will be at least one weak cell to drag down the other 95.
For the same 96 cell stack with a BEQ with four cells/section, the probability that all four cells in a section will still be good is (0.98) 4 × 100% = 92.2%, or a 7.8% probability that there will be at least one weak cell which will drag down the other three. However, the resulting weak section will not spoil the pack since the BEQ can transfer charge to this section to boost the weak cell.
Weaker cells will charge and discharge faster than other cells since their lower capacity and higher resistance will cause them to reach their voltage limits sooner, e.g., 4.2 V max and 2.8 V min. Therefore the EQU needs to remove charge from the weaker cells during charging to allow more time for the other cells to fully charge. PEQs, AEQs and BEQs all can do this. During discharge the EQU needs to do the opposite, i.e., charge needs to be transferred to the weak cells to allow more time for the other cells to fully discharge. However, only AEQs and BEQs have this capability. PEQs can assist the battery pack so it will fully charge, but they cannot assist it to fully discharge.
The difference in capacity between a battery with a PEQ and one with a BEQ can be dramatic, and this can be shown using the five section BEQ in Figure 3 . The degree of imbalance and location of any weak sections is random and therefore impossible to predict, but we can derive a simple model that can be used for designing the AEQ units. The following analysis is only an estimate, but at least it provides a frame of reference for comparison purposes.
The capacity of a section is considered to be the capacity of the weakest cell in the section. For a section containing at least one weak cell, the worst case is when it is at one end of the stack since it only receives charge directly from one adjacent cell. We assume that S1 is the section with the weak cell and all other cells have rated capacity. The relevant variables are, Ahi = rated Ah discharge capacity of section i (2 to 5), ampere-hours. Ahw = Ah1 = discharge capacity of the weak section, ampere-hours. Id = discharge current, amperes. Ipi = average PEQ current for all cells in section I, amperes. t = discharge time, hours. Ik = average AEQ current flowing from one section to another (k = 1 to 4), amperes. n = efficiency of each AEQ unit, 0 to 1.0.
As the battery discharges, the weak cell in S1 will attempt to discharge faster than the other cells, but the BEQ will be designed so that S2-S5 will simultaneously transfer charge toward S1 in such a manner that S1-S5 all will reach full discharge at the same time, t. Equations (1)- (5) show the total discharge Ah for S1-S5. In Equation (2) for example, I1 flows out of 2 towards 1; n × I2 flows into 2 from 3; and Id is the discharge current for the battery.
(Id + Ip5 + I4)t = Ah5
During discharge, Ah1 to Ah5 actually refer to the capacity of the weakest cell in each section, but during discharge no PEQ current is drawn from these weak cells. Therefore for discharge we can assume Ip1 to Ip5 = 0. Define Ah = Ah2 to Ah5.
If we also define P = 1/t, then in matrix form we have,
Assume Ah = 64, Id = 16, Ahw = 0.8 × 64 = 51.2 (20% low), and n = 0.757. n is based on the measured efficiency for an AEQ unit transferring charge between two 4 cell sections.
Solving Equation (6) yields the following result, I1 = 3.06 A., I2 = 2.58 A., I3 = 1.94 A., I4 = 1.11 A., t = 3.741 h.
To achieve this result, the AEQ units must be able to provide an average current of 3.06 A., about 19% of the 16 A discharge current.
Actual discharge capacity = 3.741 × 16 = 59.86 Ah (93.5% of rated). For a PEQ equalizer the capacity would only be 80% of rated. Even though the AEQ only had an efficiency of 75.7%, it increases the discharge capacity by 8.66 Ah which is 16.9% above the 51.2 Ah with only a PEQ. If the AEQ was ideal with an efficiency of 100%, the capacity would be equal to the average capacity of the sections, i.e., 96% of rated.
The above example provides a possible design criterion, but the same type of analysis can be used to find T and the Ik's for any number of sections and values of Id and n. Likewise different values can be used for each of the Ahi's, i.e., there can be any number of weak sections placed anywhere in the stack.
Therefore, when there are large capacity variations such as those that occur after extensive use, to achieve a battery discharge capacity close to the average of the cells, the EQU must meet two conditions:
1.
It must be an active or a hybrid such as an AEQ or the BEQ. 2.
To compensate for a large capacity imbalance, it must use an EQU current that is fairly high. In this example, the 20% imbalance required an EQU current equal to 19% of Id.
Of course if the EQU current is too small, the improvement in discharge capacity will be less, but it will still be greater than that for a PEQ.
Experimental Results
A BMS with a prototype BEQ was designed and tested for a battery pack with 24 randomly selected GAIA HE-602050 lithium ion cells with an original rating of 50 Ah based on a 2.8-4.2 Vdc cell voltage range. These cells were about 9 years old and had some limited cycling, although the exact amount of usage was unknown. Age and usage had reduced the cells' discharge capacity considerably, but older cells were considered to be preferable for this testing since the BEQ benefits become more pronounced as cell imbalance increases. These experiments used a slightly smaller voltage range of 2.8-4.0 Vdc, which further reduced the capacity.
The pack was divided into 6 sections of 4 cells each, and Figure 4 shows the system block diagram. The 5 AEQ blocks shown in blue represent the additional power electronics circuitry required to convert a PEQ to a BEQ. The A1 and A2 blocks also contain some additional AEQ control circuits. All of the PEQ/AEQ circuits draw their housekeeping power from the battery, but these currents are very small in comparison to the battery load current and EQU currents in the cells. 2. To compensate for a large capacity imbalance, it must use an EQU current that is fairly high. In this example, the 20% imbalance required an EQU current equal to 19% of Id.
The pack was divided into 6 sections of 4 cells each, and Figure 4 shows the system block diagram. The 5 AEQ blocks shown in blue represent the additional power electronics circuitry required to convert a PEQ to a BEQ. The A1 and A2 blocks also contain some additional AEQ control circuits. All of the PEQ/AEQ circuits draw their housekeeping power from the battery, but these currents are very small in comparison to the battery load current and EQU currents in the cells. The system can be operated as a BEQ with 6 sections of 4 cells each, or as a PEQ with 24 cells. These two modes were used to compare BEQ vs. PEQ performance using the same battery and measurement and PEQ control circuitry. The 24 cell GAIA battery pack is shown in Figure 5 . The system can be operated as a BEQ with 6 sections of 4 cells each, or as a PEQ with 24 cells. These two modes were used to compare BEQ vs. PEQ performance using the same battery and measurement and PEQ control circuitry. The 24 cell GAIA battery pack is shown in Figure 5 . The Cell Voltage Monitors and PEQ Controls were implemented using a Linear Technology LTC6804 cell monitor [31] , which measures the cell voltages, drives the PEQs, and transfers data to and from the Electronic Control Unit (ECU). The 6804 also has 5 general I/O ports that are used along with additional circuitry for controlling the AEQ units, thus avoiding the need for an additional microcontroller in A1 and A2. After receiving the cell voltage data, the ECU determines which PEQ and AEQ switches should be activated and sends this data back to the A1 and A2 modules. The LTC6804 in each module provides the drive signals for its PEQ and AEQ units. When operating in the BEQ mode, the PEQs only equalize the 4 cells within each of the 6 sections, but in the PEQ mode all 24 cells are equalized together. The PEQ and AEQ units are similar to the circuits in Figures 1 and  2 , respectively. The ECU also measures the battery current to calculate the charge and discharge Ahrs, which is sent to the Monitor/Recorder along with other data.
As indicated above, this system can be operated as a BEQ or as a pure PEQ, in which case the AEQ units are disabled. In either mode, the PEQ is only used during the charging cycle since it cannot add charge to a cell, and therefore it is of no benefit during discharge. Figure 6 shows one of the PEQ control boards, including the LTC6804 and the PEQ cell discharge resistors. Figure 7 shows one of the AEQ control boards, each of which includes 3 AEQ units. The Cell Voltage Monitors and PEQ Controls were implemented using a Linear Technology LTC6804 cell monitor [31] , which measures the cell voltages, drives the PEQs, and transfers data to and from the Electronic Control Unit (ECU). The 6804 also has 5 general I/O ports that are used along with additional circuitry for controlling the AEQ units, thus avoiding the need for an additional microcontroller in A1 and A2. After receiving the cell voltage data, the ECU determines which PEQ and AEQ switches should be activated and sends this data back to the A1 and A2 modules. The LTC6804 in each module provides the drive signals for its PEQ and AEQ units. When operating in the BEQ mode, the PEQs only equalize the 4 cells within each of the 6 sections, but in the PEQ mode all 24 cells are equalized together. The PEQ and AEQ units are similar to the circuits in Figures 1 and 2 , respectively. The ECU also measures the battery current to calculate the charge and discharge Ahrs, which is sent to the Monitor/Recorder along with other data.
As indicated above, this system can be operated as a BEQ or as a pure PEQ, in which case the AEQ units are disabled. In either mode, the PEQ is only used during the charging cycle since it cannot add charge to a cell, and therefore it is of no benefit during discharge. Figure 6 shows one of the PEQ control boards, including the LTC6804 and the PEQ cell discharge resistors. Figure 7 shows one of the AEQ control boards, each of which includes 3 AEQ units. The Cell Voltage Monitors and PEQ Controls were implemented using a Linear Technology LTC6804 cell monitor [31] , which measures the cell voltages, drives the PEQs, and transfers data to and from the Electronic Control Unit (ECU). The 6804 also has 5 general I/O ports that are used along with additional circuitry for controlling the AEQ units, thus avoiding the need for an additional microcontroller in A1 and A2. After receiving the cell voltage data, the ECU determines which PEQ and AEQ switches should be activated and sends this data back to the A1 and A2 modules. The LTC6804 in each module provides the drive signals for its PEQ and AEQ units. When operating in the BEQ mode, the PEQs only equalize the 4 cells within each of the 6 sections, but in the PEQ mode all 24 cells are equalized together. The PEQ and AEQ units are similar to the circuits in Figures 1 and  2 , respectively. The ECU also measures the battery current to calculate the charge and discharge Ahrs, which is sent to the Monitor/Recorder along with other data.
As indicated above, this system can be operated as a BEQ or as a pure PEQ, in which case the AEQ units are disabled. In either mode, the PEQ is only used during the charging cycle since it cannot add charge to a cell, and therefore it is of no benefit during discharge. Figure 6 shows one of the PEQ control boards, including the LTC6804 and the PEQ cell discharge resistors. Figure 7 shows one of the AEQ control boards, each of which includes 3 AEQ units. The BEQ and PEQ systems were tested by performing several battery charge/discharge cycles with each system. Charge current was set at 12.5 Adc using a constant current charger. Discharge current was initially set at about 12 Adc with a resistive load, but this gradually decreased as the battery discharged. For each test cycle, the battery was initially charged until the highest cell voltage in the pack reached 4.0 Vdc and then discharged until the lowest cell reached 2.8 Vdc. As with all PEQs, power losses and heating were a concern, so the PEQ current was limited to about 0.625 Adc for a cell voltage close to 3.7 Vdc, and the PEQ unit dissipation was about 2.3 W at this point. Naturally, this changed slightly with cell voltage.
To minimize switching losses in the prototype, the AEQ used a rather low switching frequency of 3.64 kHz, but a higher frequency could be used to reduce the size and cost of the inductors. Measurements and EQU settings were performed every 4 s. At section voltages close to 14.8 Vdc, the DC equalization current flowing from a section was about 2.54 Adc, and the current into the adjacent section was about 1.94 Adc, indicating an efficiency of about 76%. These DC currents were determined from the triangular waveform of the inductor current. This current is not continuous but is switched on or off by the AEQ Controller as required for balancing. Improved circuit design and layout might be able to increase the efficiency, and this is currently under study. One possibility might be to replace the molypermalloy cores in the inductors with a lower loss material. A series of charge/discharge cycles were performed as follows. In each set, the battery was first charged and then discharged using the BEQ, and this procedure was then repeated using the PEQ. Figure 8 shows the inductor current waveform for one of the AEQ units. The BEQ and PEQ systems were tested by performing several battery charge/discharge cycles with each system. Charge current was set at 12.5 Adc using a constant current charger. Discharge current was initially set at about 12 Adc with a resistive load, but this gradually decreased as the battery discharged. For each test cycle, the battery was initially charged until the highest cell voltage in the pack reached 4.0 Vdc and then discharged until the lowest cell reached 2.8 Vdc. As with all PEQs, power losses and heating were a concern, so the PEQ current was limited to about 0.625 Adc for a cell voltage close to 3.7 Vdc, and the PEQ unit dissipation was about 2.3 W at this point. Naturally, this changed slightly with cell voltage.
To minimize switching losses in the prototype, the AEQ used a rather low switching frequency of 3.64 kHz, but a higher frequency could be used to reduce the size and cost of the inductors. Measurements and EQU settings were performed every 4 s. At section voltages close to 14.8 Vdc, the DC equalization current flowing from a section was about 2.54 Adc, and the current into the adjacent section was about 1.94 Adc, indicating an efficiency of about 76%. These DC currents were determined from the triangular waveform of the inductor current. This current is not continuous but is switched on or off by the AEQ Controller as required for balancing. Improved circuit design and layout might be able to increase the efficiency, and this is currently under study. One possibility might be to replace the molypermalloy cores in the inductors with a lower loss material. A series of charge/discharge cycles were performed as follows. In each set, the battery was first charged and then discharged using the BEQ, and this procedure was then repeated using the PEQ. Figure 8 shows the inductor current waveform for one of the AEQ units. Results for a typical test cycle for the PEQ and the BEQ using 24 GAIA cells are shown in Table 1 . These results indicate the BEQ increased the capacity by 12%, indicating the pack had a moderate level of cell capacity imbalance. Although it only provides an approximate analysis, it is interesting to compare the calculations from Equation (6) with the results of this test. Table 1 indicates the capacity for the PEQ test was 19.25 Ah, which is also assumed to be that of the weakest cell in the pack. The BEQ test produced 21.57 Ah which is approximately the average of the weak cell capacity of each section. The previous example for 5 sections shows that the discharge Ah is just slightly less the average capacity for all the sections. Therefore, if Cavg is the average capacity the 5 best sections, we have the following approximation using the results for the BEQ test, This calculated capacity compares quite well with the measured value of 21.57 Ah. In this case, the measured maximum Ieq of 2.54 Adc is large enough so that it can modulate on and off to provide the required average current for each cell, such as 1.37 Adc for I1. Figure 9 shows a plot of Ah vs. time for this set of PEQ and BEQ discharge cycles. As expected, the two plots are almost identical until the weak cell reaches the 2.8 Vdc limit for the PEQ test. Results for a typical test cycle for the PEQ and the BEQ using 24 GAIA cells are shown in Table 1 . These results indicate the BEQ increased the capacity by 12%, indicating the pack had a moderate level of cell capacity imbalance. Although it only provides an approximate analysis, it is interesting to compare the calculations from Equation (6) with the results of this test. Table 1 indicates the capacity for the PEQ test was 19.25 Ah, which is also assumed to be that of the weakest cell in the pack. The BEQ test produced 21.57 Ah which is approximately the average of the weak cell capacity of each section. The previous example for 5 sections shows that the discharge Ah is just slightly less the average capacity for all the sections. Therefore, if Cavg is the average capacity the 5 best sections, we have the following approximation using the results for the BEQ test, This calculated capacity compares quite well with the measured value of 21.57 Ah. In this case, the measured maximum Ieq of 2.54 Adc is large enough so that it can modulate on and off to provide the required average current for each cell, such as 1.37 Adc for I1. Figure 9 shows a plot of Ah vs. time for this set of PEQ and BEQ discharge cycles. As expected, the two plots are almost identical until the weak cell reaches the 2.8 Vdc limit for the PEQ test. To simulate the effect of one dominant weak cell, GAIA cell #7 was replaced by a module of 8 Boston Power Swing 4400 cells connected in parallel. This module had an original rating of 8 × 4.4 = 35.2 Ah based on the same voltage range as the GAIA. This module had undergone several thousand charge/discharge cycles, but the exact number of cycles and its age were unknown. As with the GAIAs, the capacity of this module had decreased to a value that was much smaller than the original rating.
More cycles were performed for this case, and test results for three sets of data are shown in Table 2 . These tests show that for this severe capacity imbalance caused by a dominant weak cell, the pack capacity was much smaller, but the BEQ still provided an average increase in discharge capacity of 31% over the PEQ. Using the results from tests PEQ #2 and BEQ #2, as before, it can be assumed that the PEQ capacity is the same as that of the weak cell, i.e., 7.99 Ah. If Equation (6) is used for this case, Ah1 = 7.99, and the other input data remains the same as the previous calculation. Solving Equation (6), required maximum Ieq = I1 = 8.22 Adc, discharge time = 1.58 h., discharge capacity = 17.86 Ah.
This Ieq of 8.22 Adc is impractical for a battery of this size, and since it is much larger than the available 2.54 Adc, the BEQ cannot come close to the ideal capacity of 17.86 Ah, but it still provides a 31% average increase over the PEQ. Figure 10 shows the Ah vs. time plots for two typical discharge cycles, PEQ #2 and BEQ #2. As expected, the two plots are almost identical until the weak cell reaches the 2.8 Vdc limit for the PEQ test. 
Conclusions
PEQs have serious limitations which can be alleviated with AEQs, but at a cost that is usually considered excessive. The BEQ provides a good alternative since it provides much better performance than a PEQ with a relatively simple circuit and only a modest cost increase. There is no means to predict how the weak cells will be distributed in a battery pack, but a set of simple equations for a system with a single weak cell can be used to calculate the required equalization (EQU) current for a 
PEQs have serious limitations which can be alleviated with AEQs, but at a cost that is usually considered excessive. The BEQ provides a good alternative since it provides much better performance than a PEQ with a relatively simple circuit and only a modest cost increase. There is no means to predict how the weak cells will be distributed in a battery pack, but a set of simple equations for a system with a single weak cell can be used to calculate the required equalization (EQU) current for a given set of specifications and provide design criteria. Similar equations also can be used to calculate the required EQU currents for any cell imbalance pattern. Experimental results on a test battery of 24 randomly selected GAIA cells indicated the discharge capacity with a BEQ had about a 12% increase above that with a PEQ. When one of the GAIA cells was replaced with a Boston Power cell with a much capacity, the BEQ still provided a 31% capacity increase above the PEQ.
